Inhibitory effects of GABA on K+-evoked Ca2+ influx into rat retinal bipolar cell terminals were studied using calcium imaging methods. Application of high K+ evokes a sustained, reversible increase in [Ca2+li at bipolar cell terminals, which occurs mainly via dihydropyridine-sensitive (Ltype) Ca2+ channels.
There are at least two GABA receptor subtypes coexisting at bipolar cell terminals: a conventional GABA, receptor and a bicuculline/baclofen-insensitive GABA receptor. Activation of either GABA receptor inhibited the K+-evoked Ca*+ response. However, these two GABA receptor subtypes have distinct properties. GABA, receptors suppress the Ca*+ response only at relatively high concentrations of agonist, and with fas' kinetics and a narrow dynamic range. In contrast, the bicucullinelbaclofen-insensitive GABA receptors produce inhibition on the Caz+ response at a much lower concentration of agonist, and with slow onset and a wider dynamic range. The pharmacologic profile of the bicucullinelbaclofen-insensitive GABA receptor at bipolar cell terminals is most similar to the GABA, receptor reported by Feigenspan et al. (1993) . Unlike the GABA, receptors described in other species, it is extremely insensitive to picrotoxin. Therefore, it may be appropriate to refer to this receptor as a picrotoxin-insensitive GABA, receptor. 3-Aminopropyl(methyl)phosphinic acid (3-APMPA) and 3-aminopropylphosphonic (3-APA), two phosphate analogs of GABA, selectively antagonize the picrotoxin-insensitive GABA, receptors but not the GA-BA, receptors in this system. These results imply a functional role for multiple GABA receptors in regulating synaptic transmission at bipolar cell terminals. [Key words: GABA, GABA receptors, calcium, 3-aminopropyl(methyl)phosphinic acid, synaptic transmission, bipolar cells, retina, rat] GABA is one of the major inhibitory neurotransmitters in the CNS in general and in the retina in particular (Olsen and Venter, 1986; Massey and Redburn, 1987; Tauck et al., 1988; Sivilotti and Nistri, 1991; Slaughter and Pan, 1992) . There is abundant evidence that the terminals of retinal bipolar cells are highly sensitive to GABA (Tachibana and Kaneko, 1987; Karschin and Wbsle, 1990; Suzuki et al., 1990; Yeh et al., 1990; Heidelberger and Matthews, 1991) . It is speculated that the input of GABAergic amacrine cells to bipolar cell terminals creates negative feedback to generate transient responses in the inner retina (Tachibana and Kaneko, 1987; Maguire et al., 1989) .
Recently, a novel bicuculline/baclofen-insensitive GABA receptor has been reported on tectal neurones of the frog (Nistri and Sivilotti, 1985; Sivilotti and Nistri, 1989) and retinal neurons in several species (Feigenspan et al., 1993; Qian and Dowling, 1993; Dong et al., 1994; Matthews et al., 1994; Zhang and Slaughter, 1994) . The newly cloned GABAp subunits and GABAp-like responses encoded by bovine retinal mRNA, expressed in Xenopus oocytes, display similar properties (Cutting et al., 1991; Polenzani et al., 1991; Shimada et al., 1992; Kusama et al., 1993b) . This novel GABA receptor is commonly referred to as the GABA, receptor (Johnston, 1986; Shimada et al., 1992) . Although a similar GABA receptor has been found in several species, the GABA, receptor of rat bipolar cells has been reported to be insensitive to picrotoxin (Feigenspan et al., 1993) . The implication of this discrepancy is not clear, since the pharmacologic properties and molecular identities of the putative GABA, receptor are still not fully understood.
Very few studies have examined selective antagonists for this newly described GABA receptor or family of receptors. Several phosphate analogs of GABA, which are the GABA, receptor agonists or antagonists (Slaughter and Pan, 1992) , and imidazole-4-acetic acid (14AA), a GABA analog with an extended conformation (Kusama et al., 1993; Qian and Dowling, 1994) , have been reported to display antagonist properties to the bicuculline/ baclofen-insensitive GABA receptors expressed in Xenopus oocytes (Kusama et al., 1993a; Woodward et al., 1993) . 14AA has also been reported to be an effective antagonist of the GABA, receptor in fish retinal horizontal cells (Qian and Dowling, 1994) . However, the properties of these compounds have not been studied on the picrotoxin-insensitive type of GABA, receptors found in the rat retinal neurons.
Recent studies have shown that GABA can act at multiple subtypes of GABA receptors on bipolar cells. Both GABA, and GABA, receptors have been reported in retinal bipolar cells of goldfish, rat, tiger salamander, and white perch (Tachibana and Kaneko, 1987; Feigenspan et al., 1993; Qian and Dowling, 1993b; Matthews et al., 1994) . Previously, a baclofen-sensitive GABA, receptor has been reported in tiger salamander bipolar cell terminals (Maguire et al., 1989) .
In goldhsh bipolar cell terminals, a baclofen-insensitive GA-BA,-like receptor has also been reported (Heidelberger and Matthews, 1991; Matthews et al., 1994) . The common effect of all of these GABA receptors is, in one way or another, to regulate the Ca*+ response of the terminal. Although the inhibitory effect of GABA on Ca2+ influx into giant goldfish bipolar terminals has been directly visualized with calcium imaging methods (Heidelberger and Matthews, 1991; Matthews et al., 1994) , a detailed picture of the interaction of multiple GABA receptor subtypes in regulating Ca*+ responses at bipolar cell terminals, especially in mammalian species, is not clear. Furthermore, the functional significance of the coexistence of GABA receptor subtypes at bipolar cell terminals remains unknown.
In this study, by using calcium imaging, we demonstrated the colocalization of multiple GABA receptor subtypes at rat bipolar cell terminals. Particularly, we further characterized the pharmacologic properties of the GABA, receptor and the dynamic course of inhibition resulting from multiple GABA receptor subtypes at rat bipolar cell terminals. Previous studies have mainly focused on the responses recorded from the bipolar cell soma. An advantage here is that the responses of synaptic terminals could be directly visualized.
A preliminary report of part of this work has appeared (Pan and Lipton, 1994b) .
Materials and Methods
Bipolar cell isolation. Bipolar cells were dissociated from 3-4 week postnatal Long-Evans rats. The dissociation and culture methods are similar to those previously published, with minor modifications (Leifer et al., 1984; Lipton and Tauck, 1987) . In brief, after decapitation of the animal, both retinas were removed and placed in a saline based upon Hanks' balance salts (in mM): NaCl, 137; NaHCO,, 1; Na, HPO, , 0.34; KCl, 5.36; KH, PO, , 0.44; CaCl, , 1.25; MgSO, , 0.5; MgCl, , 0.5 ; HE-PES-NaOH, 5; glucose, 22.2; with phenol red, 0.001% v/v; adjusted to pH 7.2 with 0.3 N NaOH. The retinas were incubated for 50 min at 37°C in 10 ml of an enzyme solution that consisted of the saline described above, supplemented with 0.2 mglml DL-cysteine, 0.2 mg/ml bovine serum albumin, and 3.5 U/ml papain, adjusted to pH 7.2 with 0.3 N NaOH. Following three rinses in saline, the retinas were mechanically dissociated by gentle trituration with a glass pipette. The resulting cell suspension was plated onto poly-r-lysine-coated glass coverslips. The culture medium was comprised of Eagle's essential medium supplemented with 2 mu glutamine, 1 kg/ml gentamicin, 16 mM glucose, and 5% rat serum. Cell cultures were incubated at 37°C in a 5% CO,/95% 0, humidified atmosphere for about 1 hr before dye loading.
Dye loading. Prior to dye loading, the culture medium was replaced with Hanks' solution. Then, cells were loaded with the membrane-permeable fluorescence dye fluo-3/AM (Molecular Probes, OR) at a concentration of 20 PM, supplemented with 0.0025% pluronic acid, in darkness at room temperature for 1 hr (Kao et al., 1989; Pan and Lipton, 1994a) . After dye loading, the cells were washed with Hanks' solution to remove the remaining dye. Cells were kept in darkness for another hour. Before fluorescence measurements, a coverslip of cells was transferred to a glass-bottomed chamber on the stage of a confocal microscope. The cells were continuously superfused at a rate of about 1 ml/ min with a recording solution. The recording solution is the same as the Hanks' solution described above except that it contains 2.5 mu CaCl,.
Bipolar cell ident$cation. The intact bipolar cells could be easily identified based on their characteristic morphology (Tachibana and Kaneko, 1987; Karschin and Wassle, 1990; Yeh et al., 1990 ). We did not make efforts to identify the subtype of bipolar cells, but we preferentially selected bipolar cells with long axons. Based on previous reports, virtually all of these dissociated bipolar cells are rod bipolar cells (Karschin and Wlssle, 1990) .
High potassium application and drug delivery. Depolarization was evoked by high K+ saline, formulated by replacement of equimolar Na+ in the recording solution. A number of K+ concentrations were tested to determine the proper K+ to evoke a strong Ca2+ signal but not to saturate the fluorescence Ca 2+ indicator. Under our condition, 80 mM K+ evoked an eouivalent or sometimes slightly smaller fluorescence signal than that eboked by 60 mM K+. However, 40 mM K' evoked a consistentlv smaller fluorescence signal than 60 mM K+ (85% 2 3%. mean 2 SEM, n = 7). In order to-assure that the CaZ+ indicator was not saturated by [Ca*+],, 40 mM K+ was therefore used to evoke Ca2+ responses throughout this work. Pharmacological agents were mixed with high K+ saline and applied by pneumatic ("puffer") pipettes placed about 3040 pm away from the bipolar cell terminals, unless otherwise specified.
Fluorescence measurement. Fluorescence measurements were performed at room temperature on a confocal laser-scanning microscope (NORAN, WI) coupled to an imaging system (Universal Imaging, PA). The video scan module (Odyssey) was mounted on an upright Nikon microscope fitted with a 40X, 0.75 NA water-immersion objective. Optical excitation was accomplished using the 488 nm line of an argon laser. The emitted fluorescence passed through a 5 15 nm primary barrier filter before it reached the photomultiplier tube. The laser intensity was minimized to prevent dye bleaching during the course of the experiments. During measurements, the fluorescence images were acquired in real-time mode (30 frames/set), and the fluorescence data at a defined bipolar cell terminal were stored and later exported to a SIGMAPLOT graphics program. In some cases, the real-time video images were directly recorded onto an optical memory disc recorder (OMDR, Panasonic) for later analysis.
Data analysis. Since fluo-3 is a single-wavelength chromophore, the fluorescence is a function of the [Ca*+], as well as the dye concentration. However, for a fixed region, the change of fluorescence directly reflects the change of [Ca*+],. Therefore, data are not calibrated to absolute values of ]Ca2+],, but are displayed as a ratio of fluorescence change. For the purpo&of clarity, we will use the term "calcium" instead of "fluorescence" throughout the uauer. A total of 826 biuolar cell terminals were studied h this report. Each result reported&in this paper was based on the observations obtained from at least four bipolar cell terminals.
Chemicals. 3-Aminopropylphosphinic acid (3-APPA), zrurzs-, and cis-4-aminocrotonic acid (TACA-and^CACA)
were purchased from Tocris Neuramin (Bristol, UK); 3-aminopropyl(methyl)phosphinic acid (3-APMPA), 4,5,6,7-tetrahydroisoxazolo[5,4-clpyridin-3-01 (THIP), muscimol, SR95531, phaclofen, hydroxy-saclofen, and nimodipine from Research Biochemicals Inc. (Natick. MA): GABA. (-)-bicuculline methobromide, picrotoxinin, strychnine,' imidazole&cetic acid (14AA), piperidine-4-sulfonic acid (P4S), baclofen, and 3-aminopropylphosphonic (3.APA) from Sigma (St. Louis, MO).
Results

Characterization
of calcium responses at bipolar cell terminals As shown in Figure 1 , A and B, a sustained increase in [Ca*+], at bipolar cell terminals was elicited by applying high K+ (40 mM). There was no significant fading of the Ca*+ response during >20 set of continuous measurement. After removing the high K+, the [Ca*+], rapidly recovered to the basal level, demonstrating the Ca 2+ buffering capacity of bipolar cell terminals (Fig. 1B) .
To test whether the increase in [Ca*+], evoked by high K+ was due to influx of extracellular Ca2+, high K+ was applied in Ca2+-free saline containing 5 mM EGTA. Under these conditions, no increase in [Ca2+], was observed (data not illustrated).
Thus, influx of extracellular Ca*+ is essential for a depolarizationevoked increase in [Ca*+],.
To determine the subtype of Ca*+ channel responsible for the sustained CaZ+ response in bipolar cell terminals, we used nimodipine, a specific L-type Ca2+ channel blocker. The Ca*+ response was substantially suppressed when 4 PM nimodipine was coapplied with high K+ in the pneumatic pipette and included in the bath solution (Fig. 1 C) . Therefore, most of the Ca*+ influx evoked by high K+ appears to occur via an L-type CaZ+ channel. Further characterization of the Ca*+ channels at rat bipolar cell terminals was beyond the scope of this work. Inhibitory eflect qf GABA on calcium ivlflux at bipolar cell terminals involves at least two components Application of GABA itself at concentrations of l-10 FM did not produce any increase in [Cal+] , at bipolar cell terminals (data not shown). When high K' and GABA were coapplied, as shown in Figure 2 , GABA inhibited the K+-evoked Ca?' response in a dose-dependent fashion. GABA produced a delayed, sustained inhibition on the Ca*+ response at submicromolar concentrations ( Fig. 2A,B) . GABA at concentrations of 1 pM or less, and usually at 2 pM, did not significantly suppress the initial peak of the Ca*+ response, but rather produced a delayed, sustained inhibition ( Fig. 2A-D) . This is demonstrated by comparing the Ca2+ responses evoked by high K+ in the presence of 1 or 2 FM GABA with those evoked by high K+ alone at the same terminals, as shown in Figure 2 , C and D. In addition, GABA at a concentration of l-2 pM, but not at submicromolar concentrations, frequently reduced the rate of rise of the Ca*+ response ( Fig. 2A-D) . Bicuculline, however, prevented this effect (see Fig. 3A ,B). GABA at 5 pM or higher concentrations always completely suppressed the Ca*+ response (Fig. 2E) . Bicuculline (100 FM) partially eliminated the suppression of the early part of the Ca2+ increase produced by 5 pM GABA, but did not block the delayed, sustained suppression (Fig. 2F) . These results indicate that the suppression of the initial increase in [CaZ+] , was, at least partially, due to the activation of bicuculline-sensitive GABA receptors.
The delayed, sustained inhibitory effect of GARA at a concentration of 1 pM was not significantly affected by bicuculline (100 FM), as demonstrated by measuring Ca2+ responses at the same terminals in the presence and absence of bicuculline (Fig.  3A,B) . This indicates that GABA at 51 FM does not significantly activate GABA, receptors during its delayed inhibition of Ca*+ response. However, bicuculline did increase the initial rise time of the CaZ+ response (Fig. 3A,B) , consistent with the notion that the initial phase of GABA's action was mediated by GABA, receptors, as mentioned above. Furthermore, the inhibitory effect of GABA at 1 FM concentration was not significantly affected by coapplication or bath application of 100 pM bicuculline plus 200 pM picrotoxinin (Fig. 3C ). SR95531 (10 PM), a more potent GABA, receptor antagonist, and strychnine (1 PM), a glycine receptor antagonist, did not block the inhibitory effect of GABA (Fig. 3D,E) . Baclofen (100 FM) did not mimic GABA's inhibitory effect (Fig. 3F) , and GABA, receptor antagonists, such as phaclofen (100 pm) and hydroxy-saclofen (100 PM), did not block the action of GABA (data not illustrated).
Therefore, both conventional GABA, and bicuculline/baclofen/picrotoxin-insensitive GABA receptors are involved in the inhibition of the Ca*+ response at rat bipolar cell terminals. These results are consistent with the earlier demonstration of a picrotoxin-resistant GABA, receptor in recordings from rat bipolar cell somas (Feigenspan et al., 1993) .
The picrotoxin-resistant property of this receptor on rat bipolar cells is clearly different from that of GABA, receptors reported in retinal neurons of other species. Therefore, we tested for a picrotoxin-sensitive but bicuculline-insensitive component. We compared the time course of K+-evoked Ca*+ responses at a number of GABA concentrations in the presence of bicuculline (100 pM) with those elicited in the presence of bicuculline (100 pM (Fig. 4C-F) . However, our data cannot resolve whether picrotoxinin blocks an additional component of delayed GABA inhibition or represents a weak antagonist for a single delayed component. Feigenspan et al. (1993) reported that picrotoxin blocks only a small percentage of the GABA current in rat bipolar cells. Taken together, these results indicate that the bicuculline/baclofen-insensitive GABA receptor in rat bipolar cell terminals is extremely picrotoxinin insensitive.
GABA, receptor antagonists We found that micromolar 3-APMPA, a potent GABA, agonist, was able to block the inhibition of Ca2+ responses mediated by Figure 2 . Dose-dependent GABA suppression of the K+-evoked Ca2+ response and demonstration of the involvement of multiple GABA receptors. GABA was coapplied with high K+. A-D, GABA at concentrations of 1 or 2 FM did not significantly suppress the initial peak of Ca*+ response but produced a delayed, sustained inhibition and slightly reduced the rate of initial Ca2+ rise. E, Five micromolar GABA totally suppressed the Ca?+ response. F, When 100 p,M bicuculline was coapplied with 5 FM GABA and high K+, an initial Ca2+ increase was observed. In C-F, a second Ca2+ response evoked by high K+ alone was equivalent to the control (Fig. I) . These control Caz+ responses were measured at the same terminal about 1 min after the initial measurements.
the GABA, receptor. 3-APMPA by itself, at concentrations as high as 5 mM, did not inhibit K+-evoked Ca2+ responses (Fig.  5A ), but the delayed, sustained inhibitory effect produced by 1 PM GABA was completely blocked by 200 PM 3-APMPA (although inhibition of the initial Ca*+ rise was still present) (Fig.  5B ). This finding is consistent with our observations that GABA at this concentration mainly activates GABA, receptors, and the only visible inhibition due to the activation of the GABA, receptor was on the very initial Ca" rise (compare Fig. 3A,B) . As shown in Figure X , the inhibitory effect of GABA at higher concentrations (5 PM), which also activate GABA, receptors (compare Fig. 2E,F) , was not blocked by 200 FM 3-APMPA. Consistent with this interpretation, a combination of 100 p,M bicuculline and 200 FM 3-APMPA totally blocked the inhibitory effect of high concentrations of GABA (10 FM) on the Ca2+ response (Fig. 5D) . 
5-
To confirm further that 3-APMPA is a GABA,, but not GA-BA,, antagonist in our preparation, we tested the effects of 3-APMPA on two other putative GABA, agonists, THIP (4,5,6,7-tetrahydroisoxazolo[5,4-clpyridin-3-01) and P4S (piperidine-4-s& fonic acid). These two GABA analogs have been reported to display agonist properties only at GABA, receptors (Kusama et al., 1993a; Woodward et al., 1993; Qian and Dowling, 1994) . Consistent with these reports, the inhibitory effects of THIP (100 FM) and P4S (100 PM) were blocked by bicuculline (100 PM) (Fig.  6A-D) . However, 3-APMPA, at concentrations as high as 500 pM, did not block this inhibition (Fig. 6E,F) .
We also tested 3-APA (3-aminopropylphosphonic acid) and 3-APPA (3-aminopropylphosphinic acid), two other phosphate analogs of GABA, and 14AA (imidazole-4-acetic acid), a GABA analog with an extended confirmation. We found that 3-APA by itself at a concentration of 500 p,M did not show any inhibition on the Ca*+ response (data not shown). Like 3-APMPA, 3-APA selectively blocked the GABA, but not the GABA, effect on Ca2+ responses, although it was less potent than 3-APMPA (data not illustrated). In addition, 3-APPA (200 PM) and I4AA (100 FM) displayed antagonistic effects on the GABA, receptor in our preparation (data not shown). However, both of these drugs are also GABA, receptor agonists at these concentrations. Therefore, they had to be administered with GABA, antagonists to enable us to observe their inhibition on the GABA, receptor in our preparation (data not illustrated). 
GABA, receptor agonists
A number of GABA analogs, such as TACA (trans-aminocrotonic acid), CACA (cis-aminocrotonic acid,) and muscimol, have been reported to activate the GABA, receptor (Feigenspan, 1993; Qian and Dowling, 1993; Dong et al., 1994; Matthew et al., 1994; Zhang and Slaughter, 1994) . Consistent with these reports, we found that TACA exhibited a potency similar to GABA (Fig. 7A) . Muscimol was also effective but less potent than GABA. As shown in Figure 7 , B and c, muscimol at a concentration of 5 FM, but not 2 PM, mimicked the effect of submicromolar or low micromolar GABA (Fig. 2B-D ). CACA had a similar effect but required much higher concentrations. In the presence of 100 FM bicuculline, 100 FM CACA produced incomplete inhibition of slow onset (Fig. 70) . The concentration of CACA had to be raised to 200 FM to totally suppress the Cal+ response (Fig. 7E) . Furthermore, the effect of 200 pM CACA was totally blocked by 200 FM 3-APMPA (Fig. 7F ), indicating that CACA at this concentration was selective for the GABA, receptor. However, we found that the effect of 500 pM CACA was not blocked by 3-APMPA (500 pM) but was inhibited by a combination of 3-APMPA (500 FM) and bicuculline (100 PM) (Fig. 7G,H) . This finding can be best rationalized by the notion that at such a high concentration, our preparation of CACA activates both GABA, and GABA, receptors.
Distinct efects of GABA, versus GABA, receptors on calcium responses
The selective antagonism of 3-APMPA and 3-APA on the GA-BA, receptor made it possible to separate the effects of the GA-BA, receptor from that of the GABA, receptor, and therefore to compare the time courses of their inhibitory effects on Ca2+ in the presence of bicuculline/picrotoxinin versus 3-APMPA were performed on the same bipolar cell terminal for a range of GABA concentrations (Fig. 8) . Several distinct properties of GABA, and the GABA, receptors were observed. First, an inhibitory effect on the GABA, receptor was observed at GABA concentrations as low as 0.2 pM (Fig. 4E) . However, GABA concentrations as high as 20 FM were needed to fully suppress the Ca*+ response by activating this receptor (Fig. 8G ). In contrast, the inhibitory effect of the GABA, receptor was virtually absent with l-2 pM GABA (Fig. 8B , except for a slight reduction in the initial rise time of the Ca?+response; compare Figs. 3A,B; 5B). Although GABA is more potent at the GABA, receptor, the onset of the inhibition is slower. As shown in Figure  8E , even at concentrations of 10 FM, there was still an initial Cal+ response. This contrasts with the effect of the GABA, receptor, where 25 pM GABA always completely suppressed the early part of Ca'+ response (Fig. 8D) . Finally, when the GABA, component was blocked by 3-APMPA, the Ca2+ response in the presence of relatively low concentrations of GABA (5-10 pM) usually displayed a prominent rebound. The recovery of Ca*+ responses is not likely due to GABA, receptor desensitization. The reason is that GABA at higher concentrations (20 pM) was found to eliminate this recovery (Fig. 8H) , even when millimolar concentrations of 3-APMPA were used (data not shown). The latter makes incomplete blockade of GABA, receptors unlikely.
Discussion
In this study, using a high-resolution confocal imaging system, we demonstrate the inhibitory effect of GABA on K+-evoked Ca'+ responses of rat bipolar cell terminals. Calcium imaging methods have previously been used to study Ca*+ responses at giant goldfish bipolar cell terminals (Heidelberger et al., 1991 (Heidelberger et al., , 1992 Tachibana et al., 1993) . However, to our knowledge, this is the first calcium imaging study carried out in mammalian retinal bipolar cell terminals. Moreover, we were able to characterize the dynamics of the Ca2+ response at bipolar terminals, which have been shown to directly correlate with the release of neurotransmitters (Tachibana et al., 1993; Gersdorff and Matthews, 1994 ).
Properties of calcium responses at bipolar cell terminals
Our studies show that high K+ evokes a sustained Ca* + response at bipolar cell terminals. The increase in [Ca* '1, was due at least in part to Ca2+ influx upon K+ depolarization (we cannot exclude the possibility of Ca *+-induced intracellular Ca2+ release). We also demonstrated that the influx of Ca*+ occurs mainly via dihydropyridine-sensitive (L-type) Ca'+ channels, since nimodipine, a specific L-type Ca*+ channel antagonist, eliminated most of the K+-evoked Ca2+ response. This result is consistent with the sustained nature of the Ca2+ response. It is interesting to note that in mouse bipolar cells only a transient (T-type) Caz+ channel was observed, while in goldfish bipolar cells a sustained (L-type) Ca*+ channel accounted for most of the Ca*+ influx (Kaneko et al., 1989; Heidelberger and Matthews, 1992; Tachibana et al., 1993) .
Pharmacology of the GABA, receptor of rat bipolar cell terminals Our results show that both GABA, and GABA, receptors are involved in regulating the Ca*+ response of bipolar cell terminals. The pharmacologic profile of the GABA, receptor of bipolar cell terminals to TACA and CACA is consistent with the findings of Feigenspan et al. (1993) using patch-clamp recording. This profile is similar to the so-called GABA, receptor in fish and amphibian retinal cells Dowling, 1993a, 1994; Dong et al., 1994; Zhang and Slaughter, 1994) . In this study, we determined that 3-APMPA and 3-APA, two phosphate analogs of GABA, selectively antagonized the GA-BA, receptor but not the GABA, receptor. Our results are consistent with studies performed on the bicuculline/baclofen-insensitive GABA receptor encoded by bovine retinal mRNA injected into Xenopus oocytes (Woodward et al., 1993) . More recently, the antagonist nature of 3-APA at the GABA, receptor also has been reported in fish horizontal cells (Qian and Dowling, 1994) . The selective antagonist properties of 3-APMPA and 3-APA at the GABA, receptor may be useful in the study of the functional role of GABA, receptor in retina.
One unique property of the pharmacology of the rat bipolar cell GABA, receptor is its picrotoxin insensitivity. The GABA, receptor in our preparation is extremely resistant to picrotoxin. This clearly differentiates this GABA, receptor from that reported in retinal horizontal and bipolar cells of fish and amphibians Dowling, 1993a, 1994; Dong et al., 1994; Matthews et al., 1994) . Interestingly, the GABA,-like receptor expressed by GABAp subunits, which is sensitive to picrotoxin, was actually cloned from the human retina (IC,, = 0.4 pM for 1 pM GABA) (Cutting et al., 1991 Shimada et al., 1992) . The GABA,-like receptor expressed in Xenopus oocytes with mRNA extracted from bovine retina is also sensitive to picrotoxin (IC,, = 0.5 pM for 1 pM GABA) (Polenzani et al., 1991; Woodward et al., 1992) . Therefore, it is unlikely that the picrotoxin insensitivity is a unique property of the GABA, receptor in mammals. Whether this receptor is unique to retinal bipolar cells in mammals is uncertain because rat bipolar cells are the only mammalian retinal neurons that have been studied so far in this manner. Further studies will be required to understand this apparent discrepancy and the underlying molecular mechanism.
Bicuculline sensitivity has been used as a major criteria to distinguish GABA, versus GABA, receptors (Johnston, 1986; Shimada et al., 1992) . With the similarity of the pharmacologic profile of the GABA, receptor described here in rat to that of GABA, receptors described in other species, with the exception of its extreme picrotoxinin resistance, it may be appropriate to refer to this receptor as a picrotoxin-insensitive GABA, receptor. Alternatively, a new nomenclature, such as GABA,, could be adopted, but we discourage this until the underlying molecular composition of this family of GABA receptor subunits is known.
Coexisting multiple receptors at bipolur cell terminals
Our results demonstrate that at least two types of GABA receptors, a GABA, and a picrotoxin-insensitive GABA, receptor, coexist in rat bipolar cell terminals, consistent with the findings of Feigenspan et al. (1993) on bipolar cell somas. Coexistence of GABA, and GABA, receptors at bipolar cell terminals has also been reported in tiger salamander and white perch (Qian and Dowling, 1993b; . Moreover, a novel baclofen-insensitive GABA,-like receptor, found in gold- fish bipolar cell terminals, was reported to be sensitive to submicromolar CACA and could directly modulate Ca*+ channels (Heidelberger and Matthews, 1991; Matthews et al., 1994) . However, our calcium imaging methods did not reveal this novel GABA,-like receptor in our preparation, since CACA was ineffective at low concentrations. We also failed to detect a baclofen-sensitive GABA, receptor in our preparation, although such a receptor has also been reported to modulate Ca2+ channels at tiger salamander bipolar cell terminals (Maguire et al., 1989) and goldfish ganglion cells (Bindokas and Ishida, 1991) , and to regulate retinal signal processing (Pan and Slaughter, 1991; Slaughter and Pan, 1992) . It is not clear if this discrepancy is due to species variation or methodological differences.
Distinct properties of GABA, and GABA, receptors
In this study, we directly demonstrate that both GABA, and the GABA, receptors are involved in regulating the voltage-depen- Time (s) dent Ca2+ response at bipolar cell terminals. However, these two receptors display distinct affinities and activation kinetics. The GABA, receptor has a high affinity for GABA. The inhibitory effect produced by this receptor was observed at submicromolar concentrations. In contrast, activation of GABA, receptors required relatively high concentrations of GABA. The high potency of GABA at the GABA, receptor is consistent with previous electrophysiological studies (Polenzani et al., 1991; Kusama et al., 1993a; Qian and Dowling, 1993a; Matthews et al., 1994) . While the GABA, receptor has a much higher affinity, it clearly displays a delayed onset and slow time course of Ca*+ inhibition. This delay is still prominent at GABA concentrations approximately 50-loo-fold greater than the threshold concentration. This is in contrast to the GABA, receptor, which mediates Figure 8 . Comparison of effects of GABA on GABA, receptors and GA-BA, receptors. Inhibitory effects on K+-evoked Ca2+ responses produced by GABA acting at GABA, receptors were isolated by coapplying 100 pM bicuculline and 40 p,M picrotoxinin (A, C, E, G). Effects produced by GABA acting at GABA, receptors were isolated by coapplying 200 p,M 3-APMPA (B, D, F, H). Each GABA concentration was tested under both sets of conditions on the same bipolar cell terminal suppression of the early portion of the Ca*+ response at 5 p.M GABA (Fig. 80) . This concentration is not much greater than the l-2 p,~ needed to observe a barely detectable inhibitory effect, consisting of a reduction in the rate of rise of the initial Ca2+ response (Figs. 5B, 8B ).
Fast activation kinetics is a property of most ionotropic ligand-gated ion channels. Although the GABA, receptor has been reported to gate a chloride conductance (Feigenspan et al., 1993; Qian and Dowling, 1993a) , slow activation of this receptor has not been previously described. The physiological implications of the slow onset of activity of the picrotoxin-insensitive GABA, receptor described here are not yet clear. Further studies are needed to explain its phenomenon and its underlying mechanism.
